The inactivation of Escherichia coli K-12 was investigated in a system using a pulsed electric field (PEF) and a spiral silver wire electrode. The survival ratios of E. coli K-12 decreased with increasing voltage. The sterilization effect was greater with a high-voltage silver wire electrode than with a stainless steel electrode. This result was attributed to the enhancement of PEF inactivation by the lethal effect of silver. The PEF inactivation effect with electrochemically eluted silver was higher than that with silver nitrate solution, though the silver concentrations were almost the same. These results suggest that simultaneous treatment of E. coli cells with PEF inactivation and silver electrochemical elution improves inactivation efficiency.
Introduction
Factors that cause the deterioration of stored food must be eliminated to ensure food safety and storability.
The main cause of the deterioration of stored food is microbes, and thus the control of microbes in stored food is essential. Although heat sterilization is used in many cases, nonthermal sterilization techniques have recently attracted attention. Heat treatment often inactivates certain vitamins and proteins in food, as well as changes the color. Therefore, nonthermal sterilization techniques are superior with regard to maintaining food quality. [1] . One technique of nonthermal sterilization, the use of high-voltage pulsed electric fields (PEF), has been studied. It is known that in PEF treatment, the cell membrane is destroyed by internal and external potential differences; this phenomenon is referred to as electroporation. When the potential difference is small, electroporation is reversible; however, when the potential difference is large, irreversible destruction is induced, which results in microbial inactivation [2] . Because the actual application time the pulsed voltage is quite short, the temperature rise due to ohmic heating is small, and heat inactivation of the microorganism can be ignored.
Therefore, the practical use of PEF inactivation has been studied [3] [4] [5] . However, various problems remain for the industrial use of PEF inactivation. The major problem is reduced energy efficiency and in this regard, improvements to the treatment chamber shape and the electrode shape have been studied [6] . A wire-to-wire electrode system, such as a spiral electrode [7, 8] and a textile electrode [9] , was found to inactivate E. coli K-12 more efficiently than a plate-to-plate electrode system.
On the other hand, the use of inorganic metals such as silver and copper is known to inactivate certain microorganisms. The inactivation effect of silver has been known since ancient times. The silver is maintained by carriers such as zeolites, and it is used for the antibacterial processing of plastics [10] . The silver ion concentration must be more than 0.5 ppm in order to inactivate E. coli within 10 min when a silver nitrate solution is used; reportedly, at 0.05 ppm it takes 6 hours to inactivate the organism [11] .
Some hypotheses have been proposed to explain the inactivation effect of silver [12] . One of these hypotheses involves the obstruction of enzyme reactions and the denaturation of some membrane proteins. On the other hand, the generation of O radicals by silver catalytic reactions is also considered as a possible reason for the inactivation. reported [13] . A combined use with ozone has also been described in the literature [14] . The cell membrane of the microbe is damaged by such systems. It should be noted that the organism is not inactivated by either processing method alone. By combining these methods, synergy occurs and the microbes are inactivated.
Improvements in inactivation efficiency
In this study, we investigated the high sterilization synergy of PEF and silver for E. coli.
Methods

Experimental apparatus and methods
A schematic diagram of the apparatus used in this study is shown in Fig. 1 The sample solution was circulated at a rate of 160 mL/min by a peristaltic pump, and it was stirred by a magnetic stirrer.
Treatment chamber
This experiment used a spiral electrode system [7, 8] ( 
Microorganism
An E. coli K-12 [14] strain that had been maintained in our laboratory was used in this study. E. coli K-12 cells were cultivated in 10 mL L-broth medium (Bactopeptone, 10 g/L; yeast extract, 5 g/L; NaCl, 5 g/L; pH 7.0) with shaking at 31 for 18 hours. After incubation, the cells were collected by using a centrifuge, and they were then suspended in 5 mL sterilized water.
Sample solution preparation
Sterilized distilled water was passed by the silver electrode system to which a pulsed voltage of 12 kV was applied, generating the electrochemical silver solution (ES). The ES was diluted to a predetermined concentration with sterilized distilled water. The silver nitrate solution (SNS) (Wako) was diluted to a predetermined concentration with sterilized distilled water. The silver concentration of the sample solution was measured with inductively coupled plasma atomic emission spectroscopy (Optima 3000DV, Perkin-Elmer Inc.).
A 0.5 mL aliquot of E. coli suspension was added to 200 mL of the sample solution. The sample solution was then circulated by the device, and the pulsed voltage was applied. The initial cell concentration of the sample solution was approximately 10 7 cells/mL.
Measurement of survival ratio
To [11] reported that the survival ratios of E. coli in a silver nitrate solution (0.1 ppm) were 2.5 10 -1 at 10 min and 1.0 10 -5 at 60 min. Therefore, a much greater lethal effect of soluble silver could be available within a very short period of PEF treatment, and silver elution seemed to be enhanced electrochemically. PEF treatment at 4 kV for 2.5 min yielded a silver concentration of 0.18 ppm, which was almost equal to that with spontaneous elution without PEF after 20 min; the survival ratios were also equal-between 10 -4 and 10 -5 . These results, therefore, suggest that PEF treatment with a silver high-voltage electrode was effective for silver elution and the inactivation of E. coli cells with a very short treatment time.
Inactivation effect with a silver electrode for the earth side
The previous experiments (Figs. 3 and 4) were carried out with a silver high-voltage electrode system, in which silver ion could be easily eluted electrochemically.
However, although microbial inactivation with this system was significant (Fig. 3) , excess silver elution was observed (Fig. 4) . Therefore, we next tried the silver earth electrode system, in which the high-voltage electrode was stainless steel wire and the earth electrode was silver wire. would be applicable for PEF inactivation of microorganisms owing to the higher inactivation ability and low amount of silver elution.
Comparison between electrochemically eluted silver and silver nitrate on PEF inactivation
To evaluate the effectiveness of silver eluted electrochemically during PEF treatment, we compared the inactivation effect of two silver solutions: one solution with silver eluted by PEF treatment and one with silver present in a silver nitrate solution. These silver solutions were prepared by dilution with sterilized distilled water to a concentration of 0.05 ppm. Figure 7 shows the results for PEF inactivation with and without silver solutions. The survival ratio for PEF inactivation after 10 min was 1.6 10 -1 , caused by the PEF ef fect alone.
Inactivation with silver eluted electrochemically and with silver nitrate was also confirmed, and the survival ratios after 10 min were 9.7 10 -3 and 1.4 10 -2 , respectively.
The results suggest that silver eluted during PEF treatment has a greater inactivation effect compared with sil- Pape et al. [15] reported that the inactivating effect of silver released from activated carbon decreases with time (dozens of minutes). They suggested that the catalytic activity of silver would be lower at a time when a smaller amount of activated species was present. In this study, the eluted silver with PEF treatment had a greater inactivating activity than the silver nitrate. Because PEF treatment can provide fresh silver ions during the inactivation process, greater inactivation can be expected.
PEF treatment with a silver electrode system has an advantage over PEF treatment with electrodes of stainless steel for the effective inactivation of microorganisms due to the elution of silver. Although the silver concentration with the silver high-voltage electrode system increased electrochemically with PEF treatment time, the silver earth electrode system resulted in a lower, constant concentration of silver (0.01 or 0.02 ppm) during PEF treatment, which also increased the inactivation effect over that of PEF treatment alone. Thus PEF treatment with a silver electrode system could be an effective tool for the inactivation of microorganisms in various uses of water, such as lavation, for the control of microorganisms in our environment.
Conclusions
In this study, we demonstrated the effectiveness of PEF treatment with a silver electrode system for microbial inactivation; PEF treatment with a silver electrode system showed a significantly greater inactivating effect than PEF treatment with a stainless steel electrode system. The elution of silver during PEF treatment with a silver high-voltage system was significant, resulting in instantaneous sterilization due to the effect of the silver.
Although the silver concentrations with the silver earth electrode system were lower and constant (between 0.01 and 0.02 ppm) during PEF treatment, the inactivating effect was greater than that with PEF treatment with a stainless steel electrode system. In addition, electrochemically eluted silver had a greater inactivating effect than silver nitrate. These results suggest that PEF treatment with a silver electrode system would be useful for the effective inactivation of microorganisms.
